ABSTRACT: Bronchopulmonary dysplasia is associated with neutrophil infiltration into the lungs and oxidative injury. However, the pathological importance of neutrophil oxidants is still not clear. Nosocomial pneumonia is also implicated, but the evidence is limited, in part because of the difficulty of distinguishing genuine infection from bacterial colonization. Good biomarkers of neutrophil oxidant activity and lung infection are needed. We tested whether glutathione sulfonamide, a product of glutathione oxidation by myeloperoxidase-derived hypochlorous acid (HOCl) and a potential new neutrophil oxidant biomarker, is detectable in endotracheal aspirates from ventilated preterm infants. As infectious organisms stimulate neutrophils to generate HOCl, we determined whether levels of HOCl-specific biomarkers were increased in samples that were bacterial culture positive. Glutathione sulfonamide was detected in 66 of 87 endotracheal aspirate samples. Levels correlated with myeloperoxidase activity and another HOCl-specific marker, chlorotyrosine. Median levels of glutathione sulfonamide (4-fold) and other biomarkers (2-fold) were significantly higher in culture positive aspirates. Staphylococcus epidermidis, a frequent colonizer, was associated with glutathione sulfonamide levels no different from those in negative samples. Glutathione sulfonamide showed good sensitivity and specificity for detecting bacterial growth and has promise for detecting lung infection. (Pediatr Res 69: 28-33, 2011) 
B
ronchopulmonary dysplasia (BPD), otherwise known as neonatal chronic lung disease, remains a major problem in neonatology and child health (1) . A large body of evidence implicates both inflammation and oxidative injury in BPD (2-7) with likely sources of oxidative damage including neutrophils and macrophages attracted to the lungs by inflammatory mediators or to combat infection. Neutrophils accumulate early within the lungs of ventilated infants and persistent neutrophil elevation in endotracheal (ET) aspirates is associated with the development of BPD (8, 9) . When stimulated, they generate reactive oxygen species including hypochlorous acid (HOCl), the only physiological source of which is the neutrophil enzyme, myeloperoxidase (MPO) (10) . Active MPO and evidence of HOCl production have been observed in the lungs of infants who develop BPD (4, 5) . However, further investigation is required to establish whether neutrophil oxidants have a causative role.
HOCl is too short lived to measure directly in biological material. Therefore, it is necessary to measure reaction products as biomarkers (10) . One established specific marker is 3-chlorotyrosine (Cl-Tyr), formed by its reaction with tyrosine residues in proteins (11) . Another promising new candidate biomarker for HOCl is glutathione sulfonamide (GSA), a stable oxidation product of reduced glutathione (GSH) formed by condensation of the oxidized cysteine with the amine group of the ␥-glutamyl residue (12, 13) . As GSH is a more favored target than tyrosine for HOCl, GSA may have advantages over Cl-Tyr as a biomarker. Oxidation of intracellular and epithelial lining fluid GSH would be expected if HOCl is generated in the lungs and GSA should be produced, in addition to glutathione disulfide (GSSG). We have developed a sensitive method for detecting GSA in lung lavage fluid (14) , but quantitative measurements in clinical samples have not been reported. Also, it has not been established whether GSA is a useful biomarker of MPO activity and neutrophil activation.
Infection causes the sequestration and activation of neutrophils at inflammatory sites, and several studies have shown that systemic sepsis is a risk factor for BPD (2, (15) (16) (17) . However, diagnosis of lung infection in ventilated infants is difficult, and the relationship between organisms cultured from ET aspirates and BPD is less clear (18, 19) . Some organisms such as coagulase-negative Staphylococci may merely colonize the ET tube and upper airways and elicit little host response. The role of Ureaplasma spp. in the preterm lung is also controversial (2, 20, 21) . One way of detecting lung infection could be to measure markers of neutrophil activation. Pathogenic but not colonizing bacteria should elicit a neutrophil response that involves generation of reactive oxygen species. As HOCl is an oxidant largely restricted to neutrophils, we hypothesized that neutrophil activity could be assessed by measuring biomarkers of HOCl production.
We aimed first to establish whether GSA is detectable in ET aspirates from ventilated preterm infants at risk of BPD and whether it reflects neutrophil activity. Second, we explored whether neutrophil-derived oxidative markers, GSA, Cl-Tyr, and MPO, provide an index of infection status by examining their relationship to the growth of bacterial species cultured from the aspirates. were eligible for this observational study. The parents of infants who remained intubated for Ͼ48 h gave written consent to use samples from routine ET aspiration for research. Infants were cared for according to the standard unit protocols. The study was approved by the Upper South Regional Ethics Committee of the New Zealand Ministry of Health. ET suctioning was performed only when clinically required to remove secretions. From a large bank of archival samples collected at various times after birth, we selected those that met the criteria of i) containing sufficient material for analysis and ii) having an aspirate with known culture status collected within 24 h. Samples from the later cohort (87 aspirates from 38 infants) were analyzed for GSA, MPO, and Cl-Tyr. The earlier cohort (76 aspirates from 40 infants) was analyzed for Cl-Tyr only, because the GSA assay was not then available.
METHODS
Sampling procedure. A dry ET shallow suctioning procedure was used, with instillation of saline if necessary (4) . Secretions collected in suction catheters were stored at 4°C for up to 12 h before flushing with PBS. For biomarker analyses, samples from each day were pooled. Supernatants were separated from cellular material and stored at Ϫ80°C. An aspirate collected from each infant on alternate days was sent for bacterial culture when sufficient material was available. Confirmed culture results were classified as positive, in the presence of at least moderate growth of a single or mixed organisms (more than one quadrant of an agar plate), or negative.
Aspirates collected during the first week of life and confirmed as bacterial culture negative were classified according to whether or not the infant was positive for Ureaplasma urealyticum or other Ureaplasma spp. using the Mycoplasma Duo kit (Bio-Rad, Marnes La Coquette, France). These samples were analyzed for MPO and Cl-Tyr. An average of two samples was analyzed from each infant.
Ventilator-associated pneumonia. We retrospectively reviewed clinical data corresponding with the days ET aspirates were obtained to assess whether the infant was thought to have at least possible ventilator-associated pneumonia (VAP) (22) . Criteria used were a) worsening oxygenation as judged by a 10% increase in the median hourly recorded fraction of inspired oxygen over 24 h compared with the previous day, b) a radiological report of probable pneumonic consolidation, c) at least three of i) raised C-reactive protein Ͼ10 mg/L; ii) raised immature: total neutrophil ratio (Ͼ0.15); iii) temperature instability with no other cause; and iv) a clinical decision to commence antibiotics.
Biochemical analyses. Total protein was measured using the BioRad detergent-compatible assay kit (Hercules, CA), and urea using the QuantiChrom Urea Assay kit (DIUR-500) from BioAssay Systems (Hayward, CA). MPO (total peroxidase) activity was measured using 3,3Ј,5,5Ј-tetramethybenzidine (4). Aspirate protein was hydrolyzed and analyzed for tyrosine and Cl-Tyr by gas chromatography-mass spectrometry (using a Hewlett Packard 6890 Gas Chromatograph equipped with a 30-m DB17 capillary column and interfaced to a Hewlett Packard 5973 Mass Spectrometer) with isotopically labeled internal standards (5) . Results are expressed as Cl-Tyr residues per million Tyr residues (mol/mol) and have been corrected for artifactual tyrosine chlorination (typically ϳ10 mol/mol).
GSA was analyzed by stable isotope dilution liquid chromatographytandem mass spectrometry assay (LC-MS/MS) using a Thermo Finnigan LCQ Deca XP Plus Ion Trap mass spectrometer (San Jose, CA) coupled to a Thermo Hypercarb column as described (14) . Aliquots of standards (0.2 mL) or ET aspirates (a volume containing 50 g total protein made up to 0.2 mL) mixed with isotopically labeled GSA (10 L of 2 M stock solution) as internal standard. Ice-cold ethanol (0.8 mL) was added and precipitated protein pelleted. Supernatants were aspirated, dried under vacuum. Residues were redissolved in 200 L of PBS, and 50 L was injected onto the column. GSA was prepared by treating GSH with reagent HOCl in phosphate buffer (100 mM, pH 7.4), with the internal standard generated using [glycine 1,2-13 C 2 , 15 N]-GSH. Labeled and unlabeled GSA were purified and used to construct a calibration curve based on mass (14) . GSA was stable in buffer or aspirates for at least a year at Ϫ20°C. The detection level in the extracts was 0.4 nM.
RESULTS
Clinical details are given in Table 1 . The full cohort of 78 infants who provided ET samples for Cl-Tyr was closely matched for gender, gestational age, birthweight, and outcome to the subgroup of 38 infants whose samples were also analyzed for MPO and GSA.
GSA detection and association with MPO and Cl-Tyr. GSA was detectable in the majority of the 87 ET aspirates analyzed, with levels greater than the detection limit of the assay in 66 (76%) of the aspirates (Table 2 ). MPO and Cl-Tyr content of aspirate protein were also measured. Because samples were collected as part of standard treatment, variable dilution was inevitable. Therefore, GSA and MPO levels are expressed relative to the urea concentration in each aspirate. GSA correlated positively with Cl-Tyr (r s ϭ 0.43, p Ͻ 0.001 Fig. 1A ) and MPO (r s ϭ 0.59, p Ͻ 0.001 Fig. 1B) , and as previously reported (5), there was a significant association † Although total peroxidase activity was measured, the majority of the activity in ET aspirates has been established as due to MPO and not lacto-or eosinophil peroxidase (5) .
between Cl-Tyr and MPO (r s ϭ 0.46, p Ͻ 0.001). As shown for two individuals who provided multiple aspirates, MPO, GSA, and Cl-Tyr levels fluctuated over time and with few exceptions, followed each other closely (Fig. 2) . This is further evidence that the biomarkers are related. It also suggests that they reflect oxidative/inflammatory stresses that vary over time and that they do not accumulate.
Relationship between aspirate culture status and biomarker levels. ET aspirates were classified according to culture status. Those with a positive culture for any organism had significantly elevated levels of GSA, Cl-Tyr, and MPO compared with culture negative samples (Table 3) . Gestational age and birthweight appeared not to be confounders for these relationships as t-test analysis of 22 paired negative and positive aspirates from the same infant also showed higher Cl-Tyr levels in those that were culture positive (median 176 versus 68 mol/mol Tyr, p ϭ 0.012). The potential for the biomarkers to distinguish infection from colonization was assessed by further stratification into aspirates that were positive for Staphylococcus epidermidis (S. epidermidis), which is more likely to be a colonizer, and those positive for more pathogenic organisms (as listed in Table 1 ). Differences between the culture positive and negative groups were greater when aspirates positive for S. epidermidis were excluded (Fig.  3) . This was particularly notable for GSA. Levels in the S. epidermidis and negative groups were no different, and their median values were 5-fold lower than for the group that cultured positive for other organisms. A similar but less marked trend was observed for MPO, but for Cl-Tyr, the S. epidermidis group gave intermediate values that were significantly higher than for negative samples.
The abilities of the three biomarkers to discriminate culture positive aspirates from those that were either culture negative or positive for S. epidermidis was examined by constructing receiver-operating characteristic (ROC) curves. GSA exhibited good discrimination, with an area under curve (AUC) of 0.80 and a cutoff of 120 pmol/mg urea giving a specificity of 67% and a false positive rate of 10% (Fig. 4) . MPO (45% specificity and 15% false positives above a cutoff of 1 nmol/mg urea, AUC 0.71) and Cl-Tyr (36% specificity and 12% false positives at a cutoff of 300 mol/mol Tyr, AUC 0.66) were also discriminatory but less so.
There were only five instances where a radiologist independently reported that the chest x-ray at the time of sampling showed "probable pneumonia." Associated ET aspirates were all positive for organisms other than S. epidermidis. Three of these infants had VAP based on the clinical criteria described above (and no other cases met these criteria). For four of the Results are for 63 positive and 24 negative aspirates (GSA and MPO) and for 100 positive and 63 negative aspirates for Cl-Tyr. Groups were compared using the Mann-Whitney rank sum test. Significant differences between the groups were also apparent when GSA and MPO were expressed relative to protein concentration. * For any bacterial species (see Table 1 ).
five aspirates, all three biomarkers were above the medians for the culture positive group. Relationship between MPO, Cl-Tyr, and Ureaplasma status. A subgroup of culture negative samples collected in the first week of life were classified into those where the infant cultured positive for Ureaplasma spp. during that time (median gestational age and birthweight 24 wk and 680 g, respectively) and those that were Ureaplasma negative (27 wk, p ϭ 0.002 and 867 g, p ϭ 0.045). For the 109 samples analyzed for MPO, the 27 from Ureaplasma positive infants had median (range) levels of 14.3 (4.4 -92) pmol/mg protein compared with 14.9 (0.6 -171) pmol/mg for the 82 negative infants. Cl-Tyr was analyzed in 42 samples, with median (range) levels of 129 (30 -208) mol/mol Tyr for the 11 samples from infants with a positive Ureaplasma response and 147 (41-518) mol/mol Tyr for the 31 negative samples. There was no difference between the groups for either parameter. The GSA assay was not available when these samples were analyzed.
Culture status and respiratory outcome. We examined whether the infection data related to BPD by classifying the infants as culture positive if they had had at least one culture positive aspirate at any time (48 infants) or culture negative (21 infants). Four died or moved away before 36 wk postmenstrual age (when BPD status was assessed). Seventy-one percent of the culture positive infants developed BPD compared with 29% of the culture negative infants (p ϭ 0.002). However, the data are confounded because the median day of sampling for culture negative infants was 3 d compared with 14 d for those with positive samples. To avoid bias toward sicker babies being intubated longer, the data were reanalyzed for aspirates collected in the first 2 wk of life. All the samples from culture negative infants were collected within that time but the number of culture positive infants dropped to 23, with median sampling d 4. BPD was still higher in the positive group (57%), but the difference was no longer significant.
DISCUSSION
GSA as an oxidative biomarker. To understand the role of reactive oxidants in disease pathology, specific biomarkers are needed to quantify and identify the nature and source of the oxidant. Oxidant production by neutrophils can be identified because these are the only cells that contain MPO and generate HOCl (with a minor contribution from monocytes/ macrophages). The antioxidant GSH is present at high concentrations within cells and in epithelial lining fluid of the lung (23) and is among the most reactive biomolecules with HOCl. As GSA is produced in significant amounts in this reaction but scarcely at all with other oxidants (12) , it is an attractive biomarker candidate. Here, we demonstrate that GSA can be measured quantitatively in clinical samples and show that it is detectable in a majority of ET aspirates from ventilated preterm infants. Positive correlations with MPO and Cl-Tyr support the premise that GSA is derived from MPO activity, and our data demonstrate its potential as a biomarker for neutrophil/MPO activity.
Until now, Cl-Tyr has been the preferred biomarker of HOCl and MPO activity (10) . It has been detected in a number of inflammatory situations, including the lungs of premature infants and children (5,24,25) . However, HOCl reacts slowly with tyrosine and Cl-Tyr accounts for only a small fraction of Figure 3 . (A) GSA, (B) Cl-Tyr, and (C) MPO levels in culture negative aspirates (n ϭ 24 for GSA and MPO, n ϭ 63 for Cl-Tyr), those positive for S. epidermidis (n ϭ 15 for GSA and MPO, n ϭ 26 for Cl-Tyr), and those positive for other organisms (n ϭ 63 for GSA and MPO, n ϭ 74 for Cl-Tyr). Box plots show medians and IQ ranges with bars and symbols (F) representing 90% and 95% points, respectively. Medians for the negative group are in Table 3 . For groups positive for S. epidermidis and other organisms, respectively, medians (IQ ranges) are: GSA 37 (27-85) and 147 (56 -1108) pmol/mg urea; for MPO 0.74 (0.63-1.64) and 1.62 (0.93-3.65) nmol/mg urea. Differences between groups were assessed using the Mann-Whitney rank sum test; **p Ͻ 0.001, *p ϭ 0.003, ¶p ϭ 0.019. biologically generated HOCl. GSA has the advantage of being derived from a more favored target. Many factors affect biomarker levels, including the availability of the target compound and oxidant, the rate of reaction, physiological stability, and clearance rates. Therefore, measurements of multiple biomarkers may provide useful complementary information.
GSSG formation is commonly used as an indicator of oxidative stress. However, a range of oxidants including HOCl can convert GSH to GSSG. The advantage of GSA is that it identifies HOCl as the oxidant and neutrophils as its most likely source. We did not measure GSH or GSSG as this requires immediate treatment of the aspirates to prevent ex vivo oxidation. However, with facile adaptation the method used here could be used to measure all three species (14) .
Oxidative injury and BPD. Oxidative damage is widely implicated in the pathological changes leading to BPD (7), with poor respiratory outcome associated with elevated levels of oxidative markers including Cl-Tyr in ET aspirate protein (4 -6,26) . Although the focus of this study was not on outcome, our GSA data extend previous findings that neutrophils produce HOCl in the lungs of these infants. HOCl is a highly reactive oxidant that damages cells and inactivates proteins such as ␣ 1 antitrypsin and surfactant proteins (10, 27, 28) . GSH provides important antioxidant defense, especially in infants with respiratory distress (26) . Our finding that lung GSH reacts with HOCl may indicate that it may not only play a protective role but also imply a degree of antioxidant depletion.
Neutrophil oxidant biomarkers and infection. Inflammation is a well-established contributor to BPD, and there is strong evidence that systemic sepsis (2, (15) (16) (17) and nosocomial airway infection (19, 29, 30) are linked to lung injury. Our findings also suggest an association between positive culture and a higher incidence of BPD. However, the relationship with infection is not clearcut (18) , and improved methods for assessing infection are desirable. On the basis that neutrophils should respond to an infection by generating microbicidal oxidants, we reasoned that biomarkers of these oxidants would provide an index of infection status. Although we do not have ex vivo data to confirm that the neutrophils from the infant lungs had responded to bacterial exposure, our findings that levels of MPO, Cl-Tyr, and GSA were substantially higher in aspirates with confirmed growth than in those that were culture negative support the contention that they were activated. Measurements of Cl-Tyr and MPO extend our previous study (5) . The current study shows that GSA may be an even better infection marker and highlights potential clinical applications.
However, positive culture and infection are not synonymous, and a mechanism for distinguishing ET colonization from lung infection is needed. This is often difficult given the chronic changes in the lungs. As S. epidermidis and other commensals are frequently present as colonizers of the ET tube (31), we tested whether our biomarkers could distinguish the presence of S. epidermidis from other organisms. When S. epidermidis samples were excluded, the difference between culture negative and positive aspirates became more striking, especially for GSA where the median was 5-fold higher for the positive samples. Furthermore, GSA levels in aspirates that cultured positive for S. epidermidis were no different from those in the negative aspirates. MPO activity showed a similar but less striking trend, whereas Cl-Tyr levels were slightly but significantly higher when S. epidermidis was present than in negative samples. Therefore, our results are consistent with S. epidermidis not usually eliciting a neutrophil response to infection. Studies with isolated cells have shown that suspensions of S. epidermidis can stimulate neutrophils, albeit with a lower response than for Staphylococcus aureus (32) . However, when they are adherent and form biofilms, the response is much less. Low biomarker levels could reflect little interaction between neutrophils and adherent S. epidermidis colonizing the tube. However, commensals are not necessarily innocent bystanders and can cause neonatal sepsis (17, 33) . The possibility that GSA measurements could detect these cases warrants investigation.
VAP is difficult to diagnose in preterm infants with evolving radiological changes of chronic lung disease (29, 34, 35) . The x-rays are often inconclusive, and markers such as C-reactive protein often fluctuate for other reasons and may not respond rapidly to localized infection. Our study did not examine VAP systematically, and we had few infants where sufficient clinical data were collected to assign to this category. Hence, although they generally had oxidative biomarkers levels in the upper range for culture positive samples, a more focused follow-up is needed to assess whether they are diagnostically informative.
The role of Ureaplasma spp. in BPD is much debated (20, 21) . In baboons (36) and premature infants (37) , only a subset of individuals with Ureaplasma colonization have persistent low grade infection and an increased risk of BPD. Our observation that neither MPO nor Cl-Tyr was elevated in ET aspirates that cultured positive for Ureaplasma implies that Ureaplasma stimulates limited neutrophil oxidant production or oxidative injury.
We have shown that three markers of neutrophil oxidant activity are elevated in culture positive ET aspirates. To be of practical use as indices of infection or inflammation, they need to have advantages over other markers. Inflammatory mediators can attract neutrophils without necessarily stimulating them to release oxidants and granule constituents. Therefore, specific oxidation products should be a better index of neutrophil activation in response to an infection than cell counts. Of the biomarkers measured, GSA was the most discriminatory for aspirates that cultured the more pathogenic organisms, with a cutoff of 120 pmol GSA per mg urea identifying about two thirds of culture positive patients with only 10% false positives. If further investigation shows that GSA analysis can distinguish colonizing organisms or those that give rise to VAP, it would be a valuable addition for assessing lung infection in infants with respiratory distress.
GSA is straightforward to measure in ET aspirates. One limitation is that such samples are not always available from ventilated infants. The assay is also not applicable for infants treated with nasal continuous positive airways pressure. Although this procedure does seem to decrease the incidence and severity of BPD (38) , some preterm infants who had no or only brief intubation do develop BPD, and there is still need for monitoring infection. The possibility of using urinary GSA or Cl-Tyr to monitor oxidative stress and infection status in these patients needs to be explored.
